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1 Introduction 
Titanium is the ninth most abundant element in the earth’s crust, occurring in the 
mineable forms of ilmenite (FeTiO3) and rutile (TiO2). Rutile is the less common of the 
two, with a global production of 850 000 metric tonnes per annum (tpa) in 2015 (USGS 
Titanium Yearbook). Most of the rutile is used in the production of welding rods and 
titanium metal (Zhang, Zhu et al. 2011). According to the USGS, the global production of 
ilmenite reached 7.23 million metric tons in 2015, the majority of which is used in 
pigment production. A more recent study (Bedinger, George M. 2018) puts the global 
production capacity of TiO2-pigment 7.3 million tpa, and titanium sponge metal 
production capacity at 277 000 tpa. China accounts for upwards of 3 million tons of the 
annual pigment production capacity, and the United States for another 1.36 million tons. 
The two predominant processes for titanium dioxide pigment production are the 
sulphate process and the chloride process. Both processes can utilize high-titania slag as 
their raw material. (Sahu, Alex et al. 2006a) High-titania slag can be produced by 
smelting ilmenite concentrate together with a carbonaceous reductant such as 
anthracite in an electric arc furnace (EAF). The EAF process produces a high-titania slag 
and pig iron. A freeze-lining of solidified slag on the furnace walls is necessary to 
optimally operate the smelting process (Pistorius, P. C. 2008). Computer modeling of the 
process can help understand the governing mechanisms of the process and freeze-lining 
formation but requires accurate information on slag properties. There is a lack of 
thermal conductivity values for TiO2-slag, and this thesis seeks to remedy that. 
The primary goal of this thesis is to determine the thermal conductivity of ilmenite 
smelter slag from room temperature to 1400 °C. The thermal conductivity of the slag 
directly influences the formation of the freeze-lining on the furnace walls. Accurate 
knowledge of the thermal conductivity of the ilmenite slag is essential for process 
control and can improve the quality of simulations that are used to study the smelting 
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process. Two methods were chosen to conduct this investigation. They are the laser 
flash analysis (LFA) and the transient plane source (TPS) methods. A secondary goal of 
the thesis is to compare these two methods and their effectiveness for measuring 
thermal constants. Both methods are based on using a transient energy pulse, the size 
of which is quantified. In the case of the LFA this energy takes the form of a short laser 
pulse which is fired into one surface of the sample, with an infrared sensor reading the 
heat profile of the back surface. In the TPS method, the energy source is an electrical 
pulse which is ran through a double spiral. This spiral acts as both the heat source as 
well as the temperature sensor. 
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2 Heat transfer in pyrometallurgical systems 
This chapter seeks to give a brief theoretical overview of three heat transfer 
mechanisms, thermal conduction, convection, and radiation. Understanding heat 
transfer from the molten bath of the ilmenite smelting furnace to the water-cooled 
furnace walls is required to be able study the formation of the freeze-lining essential to 
the smelting operation. 
2.1 Heat transfer mechanisms 
Heat transfer can be defined as thermal energy in transit due to spatial temperature 
difference (Incropera, Dewitt et al. 2007). There are three main mechanisms of heat 
transfer: conduction, convection, and radiation. To quantify heat transfer phenomena, 
so-called rate equations are used. They allow for the computation of the amount of 
energy being transferred per unit time. 
2.1.1 Thermal conduction  
Thermal conduction can be defined as the transfer of energy from between the particles 
of a substance. This propagation of heat is based on the interaction of these particles 
with each other. The direction of conductive heat transfer is from the more energetic 
towards the less energetic particles. Thermal energy is related to molecular motion, 
including internal rotational and vibrational motions as well as random translational 
motion. These motions cause molecules to interact with each other as they become 
close in proximity. This interaction leaves the energy levels of both molecules changed: 
thermal energy transfer has occurred. In gases and liquids, the main mechanism of 
thermal conduction is molecular or atomic collision.  
The molecules in solid substances conform to a lattice structure, but their thermal 
movement can affect the structure adjacent to them. The propagation of thermal 
movement through the lattice structure of a solid substance is called lattice vibration. In 
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solids, the conduction of thermal energy can take place through lattice vibration, the 
quantifiable units of which are called phonons.  (Incropera, Dewitt et al. 2007) 
The rate equation for conduction is known as Fourier’s law, which for simple one-
dimensional conduction in a plane wall can be expressed as: 
qx = −k
dT
dx
,             (1) 
where k is the thermal conductivity (W/m*K) characteristic to the medium, and 
dT
dx
 is the 
temperature gradient in dimension x. 
In this thesis, conduction is relevant in both of the experimental methodologies used. 
Furthermore, the majority of the heat flux out of the ilmenite smelting furnace occurs 
through the furnace walls. The heat transfer through the wall layers is governed by their 
thermal conductivities. Thus, accurate knowledge of the material properties, including 
thermal conductivity, of all the layers is essential for understanding the heat transfer 
phenomena in ilmenite smelting. 
2.1.2 Convective heat transfer 
Convection is a mode of heat transfer that is characterized by bulk flow of fluid 
contributing to heat transfer to and from a surface. The phenomenon itself is comprised 
of two distinct mechanisms: heat is transferred by both the random molecular motion 
in as well as the macroscopic motion of the bulk fluid. More precisely, convection is the 
combination of these two mechanisms, and the transport of thermal energy through 
bulk flow of fluid is termed advection.  
The main interaction happens in the so-called hydrodynamic boundary layer, where the 
velocity of the fluid flow is zero at the interface between surface and fluid, and gradually 
increases to a finite value that is characteristic to the flow. At the surface-fluid interface, 
the heat is transported only through thermal diffusion, as the flow velocity is zero. 
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Consequently, diffusion dominates the heat transfer near the surface with fluid flow 
increasingly taking over as the point of scrutiny moves away from the surface. 
The rate equation for convection is called Newton’s law of cooling, and can be expressed 
as: 
q = h(Ts − T∞),            (2) 
where q (W/m2) is the convective heat flux, Ts is the temperature of the surface, T∞ is 
the temperature of the fluid, and h (W/m2*K) is the convection heat transfer coefficient, 
which is dependent on multiple factors and usually requires experimental 
determination. In this expression, the heat flux is considered positive when heat is 
transferred from the surface, and negative when transferred to the surface. (Incropera, 
Dewitt et al. 2007) 
In determining the heat balance of the EAF in ilmenite smelting, and the heat flux 
through the furnace wall, convective heat transfer plays an important role.   
In ilmenite smelting, an electric arc is created in the furnace, causing a large part of the 
electrical energy to be converted into thermal energy, or heat, which is received by the 
melt and the furnace walls. This heat is the main input of thermal energy to the system. 
Thermal energy is lost through the furnace walls, and convective transfer phenomena 
govern the heat flow from melt to the innermost solid surface in the furnace wall, which 
ideally will be the freeze-lining. The heat that travels through the wall layers is removed 
by flowing coolant, once again entering the domain of convection-governed heat 
transfer. 
2.1.3 Radiation 
All matter that has a nonzero temperature emits thermal radiation. The emission is 
caused by changes in the electron configurations of the constituent atoms of the matter. 
While heat transfer through conduction and convection require a medium for the 
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energy to propagate, radiation does not. Furthermore, it occurs most efficiently in a 
vacuum. The thermal energy is transported by electromagnetic waves, the quanta of 
which are called photons.  
An ideal radiator, or blackbody, has the maximum possible emissive power as described 
by the Stefan-Boltzmann law: 
E = σTs
4,             (3) 
where Ts is the absolute temperature of the surface, and σ is the Stefan Boltzmann 
constant 5.67 ∗ 10−8(W/m2 * K4). However, at the same temperature, a real surface has 
a lower emissive power than a blackbody, described by: 
E = ϵσTs
4,             (4) 
where the added term ϵ is a characteristic property of the surface, called emissivity. 
Emissivity values are between 0 and 1, describing the emissive effectiveness of a surface. 
In the case where a surface is subjected to radiative heat transfer, the term irradiation 
G can be used to describe the amount of radiation incident per unit area of the surface. 
The rate equation for irradiation of a surface is therefore: 
Gabs = αG,             (5) 
where α is the absorptivity characteristic to the surface, gaining values between 0 and 
1. Energy that is absorbed by the surface adds to the thermal energy of the irradiated 
body. Other surface attributes that affect the effect of an irradiative occurrence are 
opaqueness and transparency. If the surface is opaque, some of the incoming radiation 
is reflected. If there is some transparency in the surface, a part of the radiation may be 
transmitted. Regardless of the amount of opaqueness or transparency, the reflection 
and transmission of radiation do not affect the thermal energy of the irradiated body. 
(Incropera, Dewitt et al. 2007) 
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2.2 Slag freeze-lining in pyrometallurgical furnaces 
In the context of pyrometallurgy, a freeze-lining is a frozen layer of slag that protects the 
refractory material from the molten material inside a furnace. The conditions inside a 
pyrometallurgical furnace are extreme: in addition to high temperatures, the system is 
often agitated, and the liquids inside chemically aggressive. The lifetime of refractory 
linings can be drastically reduced by the combined effect of these factors. Unscheduled 
breakdowns due to unforeseen refractory degradation add costs to the operation. 
Furthermore, extending the lifetime of wear-parts reduces operating expenses. (Fallah-
Mehrjardi, Hayes et al. 2014) 
The heat flux through the furnace wall that is in contact with the molten slag is what 
determines the formation of an autogenic layer of solidified slag on the refractory 
surface.  Figure 1 below shows a schematic view of the furnace wall layers and heat 
transfer through them. 
 
Figure 1 Schematic picture of heat transfer through furnace wall layers (Fallah-Mehrjardi, Hayes et al. 
2014) 
The thickness and stability of the freeze-lining is dependent on the heat flux through the 
wall layers. In steady state conditions, the situation can be described in mathematical 
form as in Equation 6 below (Fallah-Mehrjardi, Hayes et al. 2014): 
𝑄𝑏𝑎𝑡ℎ = 𝑄𝑓𝑙 = 𝑄𝑤𝑎𝑙𝑙 = 𝑄𝑐𝑜𝑜𝑙𝑎𝑛𝑡,           (6) 
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where Qbath is the heat flux from the molten bath to the interface between slag and 
freeze-lining, Qfl the heat flux through the freeze-lining, Qwall the heat flux through the 
furnace wall, and Qcoolant the heat flux to the cooling medium. The steady-state 
condition of heat transfer through the furnace wall (Qbath being equal to the rate of heat 
output from the bath/freeze-lining interface to the coolant) can further be described by 
equation 7 below: 
ℎ𝑏𝑎𝑡ℎ𝐴𝑏𝑎𝑡ℎ(𝑇𝑏𝑎𝑡ℎ − 𝑇𝑓) =
𝑇𝑓−𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡
∑
𝑋𝑖
𝑘𝑖𝐴𝑖
+
𝑋𝑓𝑙
𝑘𝑓𝑙𝐴𝑓𝑙
            (7) 
The area terms cancel out as they are of equal magnitude. Subsequently solving for 
freeze-lining thickness we acquire the following: 
𝑋𝑓𝑙 = (
𝑘𝑓𝑙
ℎ𝑏𝑎𝑡ℎ
) ∗ (
𝑇𝑓−𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡
𝑇𝑏𝑎𝑡ℎ−𝑇𝑓
) − (
𝑘𝑓𝑙
ℎ𝑐𝑜𝑜𝑙𝑎𝑛𝑡
+ 𝑘𝑓𝑙𝛴
𝑋𝑖
𝑘𝑖
 )          (8) 
This posits the thickness of the freeze-lining as a function of the bath superheat, 
convective heat transfer coefficient of the bath ℎ𝑏𝑎𝑡ℎ, the mean thermal conductivities 
of the different layers, and the convective parameters of the cooling medium. (Fallah-
Mehrjardi, Hayes et al. 2014) 
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3 Prior research on thermal diffusivity and conductivity 
of slags 
3.1 Thermal properties of slags and refractories 
Metallurgical slags are generally oxide-based mixtures that float on top of a molten 
metal phase. They have a variety of functions, including impurity control and protecting 
the melt from oxidation. The slag in the ilmenite smelting process differs from more 
traditional silicate slags in that it is the primary product of the process, rather than a 
side-product. This section seeks to compare the thermal properties of slags and 
refractory materials to create a framework for the study of the thermal conductivity of 
ilmenite smelter slags. 
3.1.1 Silicate slags 
Silicate slags are commonplace in pyrometallurgy, present in both steelmaking and 
copper smelting operations. Thus, their structures and properties have been researched 
extensively through the decades, with compendiums such as the Slag Atlas (Verein 
Deutscher Eisenhüttenleute 1995) resulting from the continuous effort to understand 
them.  
The thermal diffusivities of molten silicate-based slags have successfully utilized laser 
flash technology. (Eriksson, R., Seetharaman 2004). Eriksson and Seetharaman 
demonstrated that the CaO − Al2O3 − SiO2 ternary slag system exhibits an increasing 
effective thermal diffusivity with increasing temperatures in molten form (Figure 2). 
They also discovered that thermal diffusivity values decreased with increasing cation 
content in the slag, concluding that this was likely due to their network-breaking effect 
on the silicate polymer structure.  
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Figure 2 Effective thermal diffusivity as a function of temperature for three different compositions of 
CaO-Al2O3-SiO2 slags (Eriksson, R., Seetharaman 2004) 
It can be generally stated that the thermal conductivity of siliceous slags increases with 
increasing temperature, with a sharp drop in conductivity once the slag reaches a molten 
state. An example is shown in Figure 3 below. In liquid form, the siliceous slags conform 
to a 3-dimensional network, with silicon-oxygen tetrahedra (SiO4
−4) forming the basic 
structural unit. These units can join to form 3-dimensional structures such as chains and 
rings. The size of these networked structures in a slag is characterized by its degree of 
polymerization. The thermal conductivity of liquid silicate slags varies with the degree 
of polymerization, and it is qualitatively established that the higher the degree of 
polymerization, the higher the thermal conductivity. This corresponds to the increasing 
phonon free path resulting from increased polymerization in the slag. The degree of 
polymerization can be affected by addition of different so-called network breakers, such 
as FeO, CaO, Na2+, or Fe2O3, which decrease the degree of polymerization. (Sun, Pan 
et al. 2012) 
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Figure 3 Thermal conductivities of a series of slags with 0, 5, 10 and 20 wt % additions of Fe2O3 to a slag 
with the composition 40SiO2-20Al2O3-40CaO (all wt %)(Sun, Pan et al. 2012) 
An extensive review on the properties of molten slag systems was conducted by 
Matsushita et al (Matsushita, Watanabe et al. 2011). While the reported thermal 
conductivity values of molten slags conform to the same order of magnitude, there are 
some conflicting results regarding their temperature dependence, as is seen in Figure 4 
below. Experiments that were conducted with the hot-wire technique showed that 
thermal conductivity decreases with increasing temperature. Meanwhile, increasing 
temperatures occasionally brought forth increasing thermal conductivity values when 
studied with the laser flash method. Thermal conductivity for the Na2O − SiO2 system 
was eminently found to reach a maximum of 1.1-1.4 W/mK somewhere between 700 
and 1000 K. In many cases, as temperatures were increased the thermal conductivity 
kept decreasing even after passing the liquidus temperature, reaching 0.1 W/mK (Figure 
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4). The decrease near after the maximum is thought to possibly be a result of glass 
transition and subsequent lowering of heat capacity. (Matsushita, Watanabe et al. 2011) 
 
Figure 4 Collection of measurement results of the thermal conductivity of the Na2O-SiO2 slag system 
(Matsushita, Watanabe et al. 2011) 
3.1.2 High TiO2 slags 
Much of the research seems to have been focused on studying silicate-based slags 
specifically, whereas this thesis seeks to investigate the high-TiO2 slag created in 
ilmenite smelting operations. The factors that govern the properties of these slags are 
somewhat different. For example, the level of polymerization in the melt is not as 
important a factor in determining the properties of an ilmenite slag as it is for siliceous 
slags. Similarly, the compositions in the studied slags are less varied than in some of the 
silicate studies. This is mainly due to the tendency of TiO2-rich slags to conform to an 
M3O5-stiochiometry. (Handfield, Charette 1971, Pistorius, P., Coetzee 2003, Pistorius, P. 
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C. 2004a, Zietsman, Pistorius 2004, Guéguin, Cardarelli 2007, Pistorius, P. C. 2008, 
Pistorius, P. C. 2012) 
The structure of TiO2-rich slags in EAF smelting operations is drastically different from 
traditional silicate slags. There are no fluxing additions due to very low impurity 
tolerances, and the main constituents of the slag originate from the ilmenite feed. The 
slag composition is typically dominated by titanium oxides (85% TiO2 + Ti2O3), with 
some FeO (10 %) and impurities (the remaining 5 %). Once solidified, the slag can be 
viewed as a solid solution conforming to pseudobrookite (M3O5) stoichiometry, with 
titanium existing as Ti3O5 and FeTi2O5, and impurities existing in forms such as 
MnT2O5, MgTi2O5, Al2TiO5 and Cr2TiO5. (Pistorius, P. C. 2012) No published 
experimental data on the thermal conductivity of high-TiO2 slag was found for the 
literature study except for a  previous estimation of 1 W/mK for smelter freeze-lining 
that has been made in order to conduct calculations (Pistorius, P. C. 2004b). 
Viscosity of molten TiO2-slag is not clearly dependent on temperature, as is with 
siliceous slags. Instead, the titania-slag stays very fluid if it is fully molten. High-TiO2 
slags have been found to have lower electrical resisitivities than siliceous slags, with 
increasing TiO2 content bringing forth increasing specific electrical conductivity. The 
differences in behavior is likely caused by the structures of the slags. Siliceous slags 
exhibit polymerization in their molten form, whereas TiO2-slags are prone to conform 
to crystalline configurations.  (Handfield, Charette 1971) 
The electrical conductivity of high-titania slags is much higher than their siliceous 
counterparts, reaching 6500 S/m (Guéguin, Cardarelli 2007). The specific electrical 
conductivity of a Al2O3-CaO-MgO-SiO2 quaternary slag systems with varying 
compositions have been studied by multiple authors (Mills 1995). The compiled results 
at 1500 °C report conductivities as low as 0.8 S/m and high as 63 S/m.  
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3.1.3 Refractory Materials 
Refractories in the context of process metallurgy are usually ceramic materials that are 
used to line the insides of furnaces. The material of the refractories is selected based on 
the demands of the particular process that they are intended for. Common materials 
include MgO and Al2O3, to which materials such as carbon or silica may be added. In 
ilmenite smelting, magnesia-based refractories are used for their tendency to form solid 
spinel, chemical formula Mg2TiO4, on contact with the slag. This is preferential to the 
tendency of alumina-based materials to dissolve in the presence of even low amounts 
of ilmenite slag. (Pistorius, P. C. 2008) The laser flash method was used to study the 
thermophysical properties of a range of materials in temperatures between room 
temperature and 1273 K (Min, Blumm et al. 2007). The study found the thermal 
conductivity of a magnesia carbon refractory material with 20 wt. % carbon content to 
decrease with increasing temperatures, changing from 25 W/mK to 16 W/mK (Figure 5). 
The thermal conductivity of both MgO refractory and Al2O3 - SiO2 insulation bricks were 
examined in another study using the hot wire method at temperatures between 473 
and 1473 K (Saito, Kanematsu et al. 2009). The refractory material exhibited an inverse 
dependence of thermal conductivity to temperature, with measured values ranging 
between 5 W/mK and 10 W/mK (Table 1). The insulation bricks exhibited a mutual 
dependence with increasing temperature, with measured conductivities of around 0.5 
W/mK.   
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Figure 5 Specific heat, thermal conductivity and thermal diffusivity for magnesia-carbon refractory 
material (Min, Blumm et al. 2007) 
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Table 1 Thermal conductivity of magnesia refractory brick determined by hot wire method (Saito, 
Kanematsu et al. 2009) 
 
3.2 Factors affecting thermal conductivity 
Several factors have been identified as affecting the thermal conductivity of a given 
material. These include the structural nature of the sample, porosity and in the case of 
siliceous slags, the SiO2-content. (Kenneth C. Mills, Miyuki Hayashi et al. 2014) 
The ability of a material to conduct thermal energy is dependent on its structure. The 
phonon free path tends to be longer the longer the continuous structural units of the 
material are. For example, in SiO2-based slags, as SiO2 content increases, so does the 
degree of polymerization. This means that the structural units that the material consists 
of become longer, and the phonon free path increases. A mutual dependence of thermal 
conductivity with SiO2-content naturally follows.  
Another important structural element that affects a material’s thermal conductivity is 
the grain size. As grain size decreases, the amount of grain boundaries increases. Grain 
boundaries create a discontinuity in the material, effectively decreasing its thermal 
conductivity. Discontinuities can also be caused by void spaces in a material. The term 
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porosity is used to describe the ratio of empty space to bulk material in a sample or 
material. The more porous a sample is, the less thermally conductive it becomes when 
compared to the theoretical conductivity of the material itself. An important distinction 
needs to be made between bulk- and characteristic attributes of a material, as they may 
differ greatly. 
  
18 
 
4 llmenite smelting production chain 
Global production of ilmenite being over 7 million tpa (Bedinger, George, Kohler et al. 
2018), its sources include traditional mining as well as mineral sand beneficiation 
operations. Exploitation of mineral sands is common along the African coast, with rutile 
and leucoxene being mined as well as ilmenite. Common minerals processing and 
separation methods include magnetic and gravity methods. (Rozendaal, Philander et al. 
2017) Mineral sands do not require as much particle size reduction as whole ore, as they 
are naturally a smaller particle size. 
4.1 Smelting 
Ilmenite ore is smelted to separate TiO2from the mineral. The process inputs are 
ilmenite concentrate, carbon-containing reductant such as anthracite, and electrical 
power, which is delivered through graphite electrodes. The concentrate separates into 
two main molten phases, a molten iron bath and a TiO2-rich slag. The titania-rich slag is 
the main product of the ilmenite smelting process. It is tapped periodically to maintain 
furnace level. The slag is granulated and processed further, while the raw iron can be 
processed into pig iron or steel. The titanium dioxide is purified further for use as 
pigment, commonly through a process called chlorination. (Pistorius, P. C. 2008) Another 
pathway for titanium dioxide pigment production exists in the sulphate process, which 
is suitable for less pure slags. The smelting process will be discussed in more detail in 
Chapter 5. 
4.2 Chlorination 
The chlorination process accepts synthetic rutile as well as high-titania slag as feedstock. 
The process operates at a temperature of 900-950 °C, obtaining titanium tetrachloride 
TiCl4. Chlorination is most commonly performed in a fluidized bed, where the two main 
reactions (9,10) are depicted in the formulae below. (Zhang, Zhu et al. 2011) 
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TiO2(s) + 2Cl2(g) + 2C(s) → TiCl4(g) + 2CO(g)          (9) 
TiO2(s) + 2Cl2(g) + C(s) → TiCl4(g) + CO2(g)         (10) 
The TiCl4 is then separated by selective distillation, and further processed to form pure 
TiO2. The chlorination process demands a relatively high-quality slag as feedstock, as 
impurities can disrupt the process. For example, the oxides MgO and CaO react to form 
MgCl2 and CaCl2 in the chlorination reactor. These divalent chlorides have their boiling 
points below the operating temperature of the chlorination process, and can 
accumulate in the bed, causing problems. (Pistorius, P. C. 2008) 
4.3 The Sulphate Process 
The sulphate process utilizes strong sulphuric acid to digest high-TiO2 slag according to 
Equation 11 below. The process can also use sufficiently upgraded ilmenite ore as 
feedstock.  
FeTiO3(s) + H2SO4(l) ⇌ FeSO4(s) + TiO2(s) + H2O(l)       (11) 
The ferric sulphate is reduced to ferrous sulfate by adding metallic iron. Ferrous sulphate 
can then be crystallized as FeSO4 ∙ 7H2O by cooling the bath, and subsequently 
separated. Further processing entails boiling the solution to precipitate TiO2 and 
heating to about 1000 °C, removing remaining water and driving the formation of fine 
crystallized raw pigment. The sulphate process requires relatively low capital investment 
and has low energy consumption. However, its main disadvantage is the large number 
of byproducts such as ferrous sulphate that are produced. (Sahu, Alex et al. 2006b) 
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5 Ilmenite smelting 
5.1 Electric arc furnace 
Ilmenite smelting takes place in an electric arc furnace. The furnace can be either 
alternating current or direct current operated. The basic reactions in ilmenite smelting 
involve the carbon-driven reduction of TiO2 to Ti2O3 and FeO to metallic Fe, as 
described by reactions 12 and 13, respectively, below (Pistorius, P. C. 2008). The metallic 
Fe makes its way to the iron bath, while metallic oxides remain in the slag 
TiO2 +
1
2
C → TiO1.5 +
1
2
CO         (12) 
FeO + C → Fe + CO            (13) 
The extent of these reactions determines the slag composition. Both reactions occur 
partially, but (13) proceeds further, with optimal slag FeO content lying around 10% by 
mass or below. Conversely, the ratio of TiO2 to Ti2O3 varies. For example, in the samples 
investigated in this thesis, it ranges from approximately 2 to 1, with total TiO2-
equivalent content around 75-90%. Figure 6 below depicts a liquidus diagram for the 
FeTiO3 − TiO2 − Ti2O3 -system. The temperature of the high-titania slag in the 
ilmenite smelting process is around 1600-1700 °C, with target FeO-content below 10%. 
As can be seen from Fig- 6, the melting point of the slag rises as the FeO-content is 
reduced by furthering the reduction reactions in the furnace. 
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Figure 6 Calculated liquidus diagram of ilmenite smelter slags (Pistorius, P. C. 2008) 
5.1.1 Titania-rich slag 
The primary phases in solidified titania-rich slag are rutile (TiO2) and pseudobrookite 
(M3O5). Pseudobrookite comprises a three-component system FeO − TiO2 − Ti2O3, 
manifesting as a solid solution of FeTi2O5 and Ti3O5 (Pistorius, P. C. 2004a). Real slags 
contain more than these three elements, and the M3O5 stoichiometry is present in two 
forms, M2+(Ti4+)2O5 and (M
3+)2Ti
4+O5. In this form, titanium is tetravalent, and both 
divalent (Fe2+, Mg2+ and Mn2+) and trivalent (Ti3+, Cr3+, Al3+and V3+) metallic ions 
can be accommodated. Common impurities further include silica, which tends to report 
to separate minor phases, occasionally with some of the Al2O3 in the slag. (Pistorius, P., 
Coetzee 2003) 
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From a thermodynamic point of view the M3O5 phase is unstable below 1350 °C 
(Pistorius, P., Coetzee 2003), as compounds of titanium and oxygen with degrees of 
oxidation between Ti3O5 and TiO2 take prevalence. The formation of these so-called 
Magnéli phases (general formula of TinO2n−1, where n ≥ 4, illustrated in Figure 7 
below)(Eriksson, G., Pelton 1993) is however slow, and in practice, the titania-rich slags 
solidify in M3O5 configuration (Pistorius, P., Coetzee 2003). 
 
 
Figure 7 Ti2O3 - TiO2 phase diagram with Magnéli phases (Eriksson & Pelton, 1993) 
5.1.2 Freeze-lining in ilmenite smelting 
The deliberate formation of a freeze-lining on the furnace wall can be a useful solution 
to the problem of refractory erosion in any pyrometallurgical furnace. In the case of 
ilmenite smelting, it is of critical importance. The TiO2-slag product has a low tolerance 
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for impurities, and any dissolved refractory material is unwanted. Thus, there are both 
a general economical and a process-specific incentive to optimize freeze-lining 
formation in ilmenite smelting operations. (Pistorius, P. C. 2008) 
The enthalpy change for the solidification of the ilmenite slag was thermodynamically 
calculated by Pistorius (Pistorius, P. C. 2004b) and shown to be remarkably high 
compared to the heat capacity of the slag: the heat of solidification corresponds with a 
temperature change of over 600 °C of fully liquid slag. This means that the formation of 
a freeze-lining greatly affects the heat balance of the furnace. In the same study, the 
ilmenite and reductant feeds of the test furnace were shut off while energy input was 
continued. The temperature began to slowly climb, but the large heat of solidification 
kept the change relatively modest. Once the freeze-lining was completely dissolved, the 
temperature began to climb more aggressively. Thus, the presence of a freeze-lining of 
solidified slag seems to contribute to the stability of temperature inside the ilmenite 
smelting furnace. 
Furthermore, the ilmenite smelter slag has relatively narrow solidification range of 
around 30 K (Pistorius, P. C. 2004b), affected among other factors by the FeO-content 
of the slag. The behavior of the solidus-liquidus gap in relation to iron oxide content 
(here depicted as fraction of FeTi2O5 in a M3O5-structure) is demonstrated in Figure 8 
below (Pistorius, P., Coetzee 2003). The formation of a freeze-lining in the ilmenite 
smelting process is thus a precarious process, with many variables involved. 
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Figure 8 Behavior of the solidus-liquidus gap of ilmenite slag in relation to the fraction of 𝐅𝐞𝐓𝐢𝟐𝐎𝟓 
(Pistorius, P., Coetzee 2003) 
5.2 Process control variables 
There are three main inputs to the EAF in ilmenite smelting: electrical power input and 
feed rates of ilmenite and reductant. The composition and temperature cannot be 
controlled independently. One reason is that the formation of freeze-lining is necessary 
for good operation. This is because the high-titania slag aggressively dissolves the 
magnesium-containing refractory bricks if their contact is not limited. If temperature is 
increased, cooling circulation needs to increase to maintain the freeze-lining. In other 
words, optimal process parameters would keep the molten slag temperature close to 
the slag melting point. 
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The balance between carbon (reductant) and power input is delicate, and if one 
changes, the other must be adjusted accordingly. If they are not matched, the process 
can destabilize. As an example, insufficient carbon input leads to the freeze-lining 
melting as temperatures rise, exposing the refractory to the aggressive slag. Similarly, if 
the energy input is too small in relation to the carbon input, the temperature will go 
down in the slag phase. In practice, this can result in either freeze-lining growth, or more 
seriously, precipitation of solidified pseudobrookite in the slag. This precipitation can 
cause uncontrolled slag foaming: this is because there is a sharp increase in the apparent 
viscosity of ilmenite slags just below their liquidus. (Pistorius, P. C. 2008) 
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6 Experimental 
6.1 Experimental materials 
The experimental materials were a selection of industrial and synthetic slags (X2, R2 and 
K19) and an excavated freeze-lining (T1). The chemical compositions of the materials are 
described in Table 2 below. Sample T1 was not analyzed for chemical composition. 
Sample X2 has a high TiO2-equivalent content and represents an ilmenite slag with high 
purity with high degree of FeO reduction. Sample K19 has a high TiO2-equivalent 
content, and higher FeO-content than X2, but fewer total impurities. Sample R2 has a 
higher amount of impurities than either of the other slag samples, and notably, a much 
lower degree of reduction of TiO2 to Ti2O3. Table 2 below contains the chemical 
analyses of the sample materials. 
Table 2 Chemical analyses for experimental samples. *analyzed as 𝐕𝟐𝐎𝟓 
Species X2 R2 K19 T1 
TiO2_eqv 90.57 77.06 87.60 N/A 
Ti2O3 39.48 16.36 33.62 N/A 
FeO 3.22 10.03 8.07 N/A 
Fem 0.11 0.30 0.44 N/A 
MgO 2.55 4.78 1.39 N/A 
Al2O3 1.91 2.14 1.61 N/A 
CaO 0.25 0.57 0.10 N/A 
TiO2 46.70 58.88 50.21 N/A 
V2O3 0.25 0.43 0.28* N/A 
Cr2O3 0.45 0.15 0.14 N/A 
MnO 1.10 0.31 1.49 N/A 
SiO2 1.04 1.72 0.84 N/A 
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6.2 Sample preparation 
For the experimental part of this thesis, different methods of investigation were used. 
The methods had different requirements for the sample dimensions and additional 
preparations. The sample preparation procedures are described in this section. 
6.2.1 Transient Plane Source 
The slag samples were provided as 20 mm diameter drilled cores. The optimal 
dimensions for the Hot Disk measurements were determined to be a cylindrical disc with 
minimum 16 mm diameter and 6 mm thickness. Discs of 6.5-8 mm thickness were sawed 
from the drill cores with a low speed rotary saw. The amount of irregularities in the 
samples was minimized to ensure measurement accuracy. 
6.2.2 Dilatometry 
Rod-shaped samples were prepared with a low speed rotary saw. First, blocks of lengths 
of 10-20 mm length were sawn from the original drill cores. The core was fastened to 
the saw, and three cuts were made without moving the core. Cutting off a thin slice and 
then proceeding to saw the blank for the dilatometer without detaching the sample 
ensured that the cut surfaces were parallel to each other. A series of cuts could then be 
made to fashion a small rod. The ready samples were then dried in a furnace at 120 °C 
to ensure evaporation of any water from the sawing process. A ready-made dilatometer 
sample before the experiment is depicted in Figure 9 below. 
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Figure 9 Dilatometer sample of slag K19. Ruler for scale. 
 
6.2.3 Laser Flash Analysis 
A core drill bit with the required diameter of 12.7 mm was used to acquire blanks for 
sawing. These blanks were then sawn with a low speed saw, into approximately 2 mm 
thick slices. These slices were dried in a furnace at 120 °C to ensure evaporation of any 
left-over moisture from the drilling and sawing processes. Some of the samples had an 
appreciable amount of porosity, which needed to be filled. A mixture of fine silicon 
carbide powder and water was used to fill the pores to achieve a flat surface. Figure 10 
below shows both an unfilled and a smoothened sample. Once a sample had a flat 
surface on both circular faces, thin layers of graphite were sprayed on both surfaces. 
Both the smoothness and blackness of the surface were necessary to ensure the quality 
of the result of the laser flash experiments. For the measurements of sample material 
X2 at Netzsch, a drill core of 12.6 mm diameter was used, and a single sample of 
approximately 4 mm thickness was sawn.  
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Figure 10 Samples of slag R2 naked (left) and with silicon carbide filling (right).  
6.3 Experimental methods 
This thesis seeks to utilize two different kinds of transient methods to determine 
thermal conductivity for a selection of TiO2 slags. The experimental methodologies are 
the Hot Disk instrument, also called the transient plane source (TPS) method, and the 
laser flash analyzer (LFA). Inorganic, inhomogeneous metal compounds have been 
investigated with similar methods in the recent past. In her doctoral thesis, Miettinen 
used both the TPS and LFA methods to study the thermal conductivities of sulfate 
aggregates from copper flash smelting waste heat boiler walls (Miettinen 2008). 
Similarly, Ksiazek utilized the LFA method in temperatures up to 1000 °C, as he studied 
the thermal properties of ferromanganese ores in his dissertation. (Ksiazek 2012).  
6.3.1 Transient Plane Source 
A Hot Disk 2500 S TPS instrument (Figure 11) was used to determine thermal 
conductivity and diffusivity for slag samples in the temperature range from room 
temperature to 400 °C. The sample holder is presented in Figure 12. The TPS method is 
based on the hot disk sensor, a flat double spiral that is placed between specimens of 
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sample material. The disk acts as both the heat source and the temperature sensor in 
the experiment. As a pulse of electrical current is passed through the sensor, the change 
in resistance is recorded, and the temperature change in the disk is measured. The 
thermal conductivity and diffusivity of the sample material can be computed from the 
acquired values. The probing depth high limit for the TPS tests was set at 5 mm to ensure 
the quality of the results.   
The time-dependent electrical resistance of the sensor R(t) is expressed below: 
R(t) = R0(1 + ctΔT(τ)̅̅ ̅̅ ̅̅ ̅̅ ),           (14) 
where R0 is the initial resistance and ct is the sensor’s temperature coefficient of 
resistivity. The term ΔT(τ)̅̅ ̅̅ ̅̅ ̅̅  denotes the mean temperature increase in the sensor and 
can be expressed as: 
ΔT(τ)̅̅ ̅̅ ̅̅ ̅̅ =
P0
√(π3)rλ
D(τ),          (15) 
where P0 is the total power output of the transient, λ is the thermal conductivity of the 
sample material, and D(τ) is a dimensionless time function. The dimensionless time  
τ = √
t
θ
 ,           (16) 
where t is the real time of the measurement, includes the time scale θ, also referred to 
as the characteristic time of the transient recording. The characteristic time is defined 
as: 
θ =
r2
α
,           (17) 
where r is the radius of the outer concentric circle of the Hot Disk sensor and α is the 
thermal diffusivity of the sample. 
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With the assumption that all heat is transported through a solid specimen, we can state 
that: 
α =
λ
ρCP
,           (18) 
where ρCp is the sample’s specific heat across a volume unit. (Gustafsson 1991) 
 
Figure 11 The Hot Disk TPS 2500 S instrument 
 
Figure 12 The sample holder for the Hot Disk system 
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6.3.2 Dilatometry 
The Netzsch 402E is a standard horizontal push-rod dilatometer. The dilatometer is used 
to determine the thermal expansion characteristics of the material. This data used to 
apply correction the LFA measurements. The test uses a rod cut from the measured 
material (maximum dimensions 8x8 mm). The default length of sample for the 
dilatometer is 50 mm. The dilatometry samples were of varying lengths, and one or 
more alumina distance pieces were used to accommodate for the sample sizes. Figure 
13 below shows the sample holder of the dilatometer, with a slag sample and distance 
pieces. The dilatometry runs all used similar parameters: the temperature range was 
from room temperature to 1150 °C, the heating rate was 2 °C/min and atmosphere was 
argon. 
 
Figure 13 Slag sample and distance pieces in sample holder of the Netzsch 402E dilatometer. 
6.3.3 Laser Flash Analysis 
The flash method is an experimental technique for determining thermal diffusivity, heat 
capacity, and thermal conductivity of a sample first described in 1961 (Parker, Jenkins 
et al. 1961). In the procedure, a high-intensity light pulse is directed at forward surface 
of a thermally insulated specimen, and the resulting temperature change is measured 
at the back surface using a thermocouple. In laser flash analysis the energy pulse is 
delivered by laser.  Thermal diffusivity can be determined from the temperature versus 
time curve, heat capacity by the maximum temperature reached, and thermal 
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conductivity by computing heat capacity, thermal diffusivity and density. In the 
experimental part of this thesis, a Netzsch LFA 457 instrument (Figure 14) was used for 
measurements from room temperature to 1100 °C. The experiments were conducted in 
a nitrogen atmosphere, and the heating rate was 100 °C/30 min.  
Determining thermal diffusivity α from the experimental data is done through the 
relation: 
α = (
0,48L2
π2t1
2
),           (19) 
where L is the thickness of the specimen, and t1/2 the time required for the posterior 
surface of the specimen to reach half of the maximum increase in temperature. The 
mathematical basis for the expression is given elsewhere (Parker, Jenkins et al. 1961). 
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Figure 14 The Netzsch LFA 457 laser flash analyzer with sample holder exposed. 
  
35 
 
7 Experimental Results 
7.1 Hot Disk measurements 
It was not possible to equip the measurement apparatus with an inert atmosphere. This 
means that all samples oxidized to some degree during the measurements. Although 
oxidation is not likely to be very aggressive at the temperature range in question, it will 
unquestionably have altered the results to some degree. Past research indicates that 
decrepitation of high-titania slags is present at 400 °C, and this could be the cause for 
the sharp reduction in thermal conductivity for K19 at 400 °C. (Bessinger 2000) The 
results are presented in Figure 15 below. Some measurements were made in room 
temperature with Kapton sensors, denoted as HDRT. For the measurements from room 
temperature to 400 °C, mica sensors were used, denoted as HDM. 
 
Figure 15 Thermal conductivities measured with TPS method.  
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7.2 Laser flash experiments 
This section presents the results of the laser flash experiments. The experiments were 
conducted in two stages. The first stage, measuring conductivities between room 
temperature and 1100 °C, took place at NTNU in Trondheim, using SINTEF’s equipment. 
For experiments closer to and beyond the melting point of the slags, measurements 
were ordered Netzsch. The limitations of the experimental setup led to the limitation of 
these ordered measurements to one temperature point for a single sample. In practice, 
measurements close to and above the melting point of the slag would have consumed 
a new crucible for every single repetition of the measurements. For financial reasons, 
measurements close to or beyond the slag melting point were not pursued.  
7.2.1 Room temperature to 1400 °C 
Four samples were analyzed with LFA from room temperature to 1100 °C. Two of the 
LFA measurement series (X2 and K19) used two samples with the third space in the 
apparatus occupied by a reference piece. The two others (R2 and T1) used three samples 
in all the sample holder slots. Measurements were taken at room temperature and 100 
°C, and at 100-degree intervals from then on. Three measurements were taken for each 
sample at each temperature. The heating rate of the LFA furnace between temperatures 
was 100 °C/30 min. Additionally, sample X2 was measured separately at 1400 °C. One 
sample was prepared, and four consequent measurements were made. Measurement 
results were averaged and plotted over the temperature range. The results are 
combined in Figure 16 below.  
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Figure 16 Combined thermal conductivity data from LFA analysis of samples K19, R2, X2 and T1. 
For materials K19, R2 and X2, the behavior was similar at low temperatures, and above 
800 °C. Thermal conductivity stayed relatively stable until 400 °C, with a conservative 
increase with increasing temperatures up until 800 °C. A large increase in conductivity is 
observed to occur after heating the materials past 800 °C. Especially materials R2 and 
X2 exhibit this behavior, with K19 displaying a more stable relationship between 
temperature and thermal conductivity. However, even in K19 there is a disproportionate 
increase from 800 °C to 900 °C. 
The T1 material exhibits a different kind of behavior, with conductivity at room 
temperature being the highest in this temperature range. The conductivity started to 
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decrease of thermal conductivity is nearly linear from room temperature to 500 °C. From 
500 °C to 1100 °C the conductivity continued to increase.   
7.3 Scanning Electron Microscopy 
SEM samples were prepared of materials K19, R2, X2 and T1. Taken images were 
analyzed with energy-dispersive X-ray spectroscopy (EDS) to identify the phases present 
in the samples. Selected SEM images are shown here. More images can be found in the 
Appendix. 
7.3.1 Sample R2 
Figure 17 represents an overview of the material. Figure 18 shows a section of the 
material in higher magnification. An oxide matrix is the largest phase present, containing 
mainly titanium and oxygen. The glassy phases, represented in darker gray, consist 
mostly of silicon and oxygen, with trace amounts of aluminum, calcium, titanium and 
iron. Metallic droplets seem to be situated preferentially inside the glassy phases. The 
droplets chiefly contain iron and varying degrees of sulphur and oxygen. 
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Figure 17 Overview of sample R2 
 
Figure 18 Section of sample R2 in higher magnification 
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7.3.2 Sample X2 
Figures 19 and 20 represent an overview and a highly magnified section of sample X2, 
respectively. The sample has exhibits circular pores, and prolific micro-cracking. The 
material is dominated by an oxidic phase, which contains mainly titanium and oxygen, 
with some magnesium, aluminum and iron also present. Siliceous phases are locked 
inside the main oxide matrix and contain some titanium and aluminum in addition to 
silicon and oxygen. The siliceous phases appear to occasionally contain small droplets of 
the main oxide phase.  
 
Figure 19 SEM overview of sample X2 
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Figure 20 High magnification SEM image of sample X2 
7.3.3 Sample K19 
Figure 21 below is an overview of the K19 material, and Figure 22 shows a closer 
magnification of the same site. The macrostructure is blocky with a dominant oxidic 
phase, containing mostly oxygen, titanium, and iron. Long cracks are present with some 
more isolated porosity in the oxide matrix. Silicate droplets can be seen entrained inside 
the oxide matrix. Figure 22 illustrates how there are smaller oxide droplets entrained 
inside the silicate phase. Metallic phases are present as individual droplets as well as 
entrained in the silicate phase, occasionally forming spiky lamellae. The metallic phases 
contain mostly iron, occasionally accompanied by dissolved sulphur originating from the 
anthracite feed.  
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Figure 21 SEM overview of slag K19 
 
Figure 22 High-magnification SEM image of sample K19 
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7.3.4 Sample T1 
Image 23 below shows the general structure of the T1 material, and image 24 is a section 
of the same area, in higher magnification. From the overview image, the structure can 
be seen to comprise mostly directionally oriented lamellae, with a moderate amount of 
porosity. The main oxide matrix is composed mainly of titanium oxides, with magnesium 
an important constituent.  Small inter-granular glassy phases and metallic droplets are 
also present, as visualized by the more magnified image. The glassy phases consist 
mostly of oxygen and silicon, with appreciable amounts of aluminum. The metallic 
phases contain iron, zinc, and sulfur. 
 
Figure 23 SEM overview of sample T1 
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Figure 24 Higher magnification SEM image of sample T1 
7.4 Computerized Tomography 
Computerized tomography (CT) scans were taken of the LFA sample specimens of 
sample T1 (shown in Figure 25 & 26). A localized proliferation of metal droplets can be 
seen on the samples. Cracking is visible throughout the sample. Porosity appears to 
manifest itself as both crevasses and more bubble-shaped faults. The structure appears 
to have a crystalline nature, with lamellar formations of the main oxide matrix. 
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Figure 25 CT image of sample T1 LFA sample specimen 
 
Figure 26 Cross section CT image of sample T1 
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8 Discussion 
The thermal conductivity of three different slags and one excavated freeze-lining 
samples was measured. The combined results from both the LFA and TPS measurements 
are compiled in Figure 27 below. The results of the LFA measurements showed 
differences in behavior between the slag and freeze-lining samples. The freeze lining’s 
composition was expected to differ from the composition of tapped slag. The reasons 
for this include the observed entrainment of larger metal droplets in the freeze-lining, 
as well as the partial dissolution of the refractory material to the freeze-lining. The 
general microstructure in all samples is crystalline with a dominant titanium-bearing 
oxide matrix making up the bulk of the material. The crystallinity of the material lends 
itself well to heat transfer through lattice vibrations. 
 
Figure 27 Combined thermal conductivity measurements. The lines are meant to guide the eye. 
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Samples K19 and X2 exhibited the most similarity in the general trend of the LFA 
measurement results. Their compositions are also closest to each other, especially in 
regard to the titanium oxides and the ratio of Ti3+ to Ti4+. The slags’ structures are 
visibly different, however. Although both have the oxidic matrix as the main structural 
element, the pores in sample K19 are mainly long cracks that are some distance from 
each other. Some of the smaller cracks are partially filled with siliceous deposits. 
Conversely, the cracks in X2 appear much smaller although more numerous, and the 
main pores are circular in shape. The siliceous deposits in both samples are similar in 
that there seem to be small droplets of the main oxide phase dispersed throughout the 
deposits. In both samples, metallic phases seem to coincide with silicate phases, and 
exhibit spiky lamellar shapes inside the silicate area.   
The X2 slag was re-melted to facilitate sample preparation, and some bubbling was 
reported to have occurred in the crucible. This bubbling is the likely cause of these 
spherical pores. Another noteworthy characteristic of the bubbles is that most of the 
metallic and glassy constituents of the sample seem to be concentrated on the inside 
surface of these pores, which are visible as circular depressions in the SEM image.  
The thermal conductivity of samples K19 and X2 is likely affected mostly by the thermal 
conductivity of the main oxide phase, which constitutes upwards of 90% of both sample 
materials. The second most important factor is thought to be the shape and size of the 
pores. The longer and wider cracks evident in the K19 sample are creating sharper 
discontinuities in the material than the spherical bubbles of X2. The depth of the cracks 
and overall prevalence of either of these structural faults cannot be fully assessed from 
the SEM images. However, following the previous statements, it can be proposed that 
regarding the thermal conductivity of these samples, the nominal degree of porosity 
may not be as important as the nature of the pores themselves. This argument is 
strengthened somewhat by the measured results, as X2 reaches a higher conductivity 
than K19. 
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Lattice vibrations can propagate around spherical pores equally well from all directions, 
but cracks and crevices can impede their movement more. The vibrations must 
circumvent the cracks, but depending on the direction of the propagation, the distance 
required can be much longer in relation to the absolute size of the crevice. Although a 
crevice running parallel to the propagation of lattice vibration will be much easier to 
circumvent than a bubble, if a crack runs perpendicular to the direction of the heat 
transfer, the phonon-path must change direction. Additionally, cracks do not consume 
as much space as spherical bubbles, and as such, that there can be numerically more 
cracks than bubble-shaped discontinuities in the bulk of a solid material. This is further 
exacerbated the smaller the crevices are. Furthermore, as is evident in the SEM imagery, 
the cracks in these materials are not unidimensionally orientated. This configuration of 
differently sized and dimensionally oriented crevices causes a high probability of phonon 
interference and contributes to the thermal resistivity of the sample material.  
Sample X2 underwent additional LFA testing at 1400 °C, reaching a thermal conductivity 
of 5 W/mK, meaning that the thermal conductivity continued to rise by rising 
temperature. By this result it may be predicted that the other slags may behave similarly. 
The value of 5 W/mK itself is more than double that of the thermal conductivity of 
sample material X2 at 1100 °C. Furthermore, the thermal conductivity increases 
approximately 2,6 W/mK in a temperature interval of 300 °C, whereas the change of 
thermal conductivity from room temperature to 1100 °C is 1,2 W/mK. This indicates that 
the thermal conductivity of the slag may be even higher at temperatures close to the 
melting point. However, the effect of melting on the thermal conductivity of the slag is 
yet unconfirmed. Silicate slags often display this type of behavior. On the other hand, 
their tendency to polymerize sets them apart from the TiO2-slag. 
The behavior of sample R2 was slightly different from the other two slags, as the thermal 
conductivity did not immediately begin to rise with the increase in temperature. This 
could be caused by the marked difference in Ti3+/Ti4+ -ratio compared to the other two 
slags. A comparison of SEM images shows that sample R2 also exhibits more cracking 
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than either of the two other slag samples, as well as the presence of additional pores. 
The nature of the cracks is not as wide as the ones of K19, but they are more numerous. 
As cracks impede lattice vibration, it may be that this structural factor may be the cause 
of the lesser thermal conductivity of R2 throughout the temperature range. Both the 
siliceous and metallic phases in the sample display a marked degree inhomogeneity. 
Inside the metallic phases there are consolidations of as many as three phases with 
different densities. 
Sample T1 differs from the three other samples as it is not a slag, but excavated freeze-
lining. A crucial difference from a characterization standpoint is that no compositional 
analysis for the material was made. However, the sample contained large droplets of 
metallic iron, visible to the naked eye. Their size in proportion to the samples used for 
the TPS method made the material unsuitable for testing with the Hot Disk. However, 
LFA samples were prepared from a section of the sample material that did not contain 
these large droplets. 
The SEM investigation of sample T1 shows a crystalline structure of titanium-bearing 
oxide material, with small metallic and siliceous sites dispersed throughout the sample. 
The material is quite porous, more so than any other sample. Most pores are irregularly 
shaped. The amount of cracking appears to be small, with many crack-like areas being 
filled with a siliceous deposit.  
The thermal conductivity of sample T1 behaved differently than the other three 
samples. At room temperature the thermal conductivity is approximately double that of 
the other samples and begins to decrease as temperature is increased. Iron metal has a 
thermal conductivity of around 80 W/mK at room temperature, which is in a different 
order of magnitude than the measured conductivities in this work. It can be speculated 
that the relatively high thermal conductivity of iron metal contributes to the conductivity 
of the freeze-lining material, which appears to contain more metallic iron than the slag 
samples. Furthermore, the thermal conductivity of iron metal is inversely proportional 
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to temperature, as is shown in Figure 28 below. The conductivity decreases to around 
40 W/mK by 550 °C (Shelton 1934). This could explain why the thermal conductivity of 
the sample decreases with increasing temperature up to about 500 °C. The subsequent 
increase in thermal conductivity with increasing temperature could then be explained 
by the characteristic behavior of the titanium bearing oxide matrix that makes up most 
of the sample, as the thermal conductivity of the small amount of iron in the material 
continues to decrease. The value does not rise as high as the others at 1100 °C, possibly 
due to its higher porosity.  
 
Figure 28 Thermal conductivity of 99.9% iron (line C1) (Shelton 1934) 
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Each sample exhibited a degree of porosity, although the types of pores varied. The 
effect of macroscale porosity on the bulk thermal conductivity of the tested materials 
could not be determined, because the LFA method utilized very small samples. However, 
the fact that both the excavated freeze-lining and the slag samples exhibited some 
degree of pores would indicate that their presence is a constant when considering 
freeze-linings in ilmenite smelting. Thereby it could be hypothesized that the real 
thermal conductivity values of a freeze-lining could be different than what the slag itself 
might suggest. 
In the light of these results, Pistorius’ estimate of 1 W/mK thermal conductivity for the 
smelter freeze-lining (Pistorius, P. C. 2004b) may need re-evaluation, as the heat flux 
from the bath through the layers of the furnace wall is greater than estimated. The 
freeze-lining likely has a similar thermal conductivity as the refractory lining of the 
furnace. From an industrial standpoint, this simplifies the operation of an ilmenite 
smelter, as the formation of a freeze-lining does not have as great an effect on the heat 
flux through the furnace wall as previously thought. 
The effect of freeze-lining formation on the heat flux through the furnace wall depends 
on the thermal conductivity of the freeze-lining. For example, MgO refractories have a 
thermal conductivity between 4.5 and 6.5 W/mK in 1000 °C according to prior research 
(Min, Blumm et al. 2007) (Saito, Kanematsu et al. 2009), with an inverse relationship to 
temperature. Let us assume that the thermal conductivity of the refractory continues to 
decrease as temperatures reach the 1700 °C typical of ilmenite smelters. It could be 
estimated that the thermal conductivity of the refractory wall is between 1 and 4 W/mK 
at 1700 °C. The exact value notwithstanding, this is still less than the measured value of 
solid TiO2-slag at 1400 °C. Thus, when considering the required changes to cooling 
parameters caused by freeze-lining formation from the perspective of heat transfer, the 
change in the total thermal resistivity of the furnace wall layers will be less than if the 
refractory lining was simply made thicker. 
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An additional aim in this study was to compare the LFA and TPS methods for determining 
thermal conductivities. It is difficult to pass definite judgement due to experimental 
differences, such as the inability to use an inert atmosphere in the TPS measurements. 
Additionally, the smaller physical sample size of the LFA method allowed for selection of 
a more uniform sample. This leads to questions about how representative of the bulk 
material the samples are. Nevertheless, some information is better no information at 
all.  
From a practical perspective, it was more challenging to conduct a successful 
measurement with the TPS method than the LFA method. This is mostly due to the need 
to change sensors between measurements, and the occasional sensor failure due to 
their consumable nature. 
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9 Error analysis 
9.1 Laser Flash Analysis 
The LFA 457 Laser Flash Analyzer has an error margin of ±3% in measuring the thermal 
diffusivity of samples according to the manufacturer. The error for the heat capacity is 
±5%.  
9.1.1 Sample T1 
The LFA measurement results from room temperature to 1100 °C for sample T1 are 
presented in Figure 29 below. The material exhibits good repeatability of 
measurements. The variation between repeated measurements is generally smaller 
than the variation between different samples, which speaks for the precision of the LFA 
measurements. The samples behave similarly throughout the measured temperature 
range. 
 
Figure 29 Repeat measurements of sample T1. 
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9.1.2 Sample X2 
The LFA measurement results from room temperature to 1100 °C for slag X2 are 
denominated with sample 1 and sample 2 in Figure 30 below. The repeated 
measurement values for thermal conductivity for each sample are reasonable closely 
spaced. The repeat measurement points for the same sample are close to each other, 
even when there is some variability between samples, as is seen between 400 °C and 
800 °C. Samples 1 and 2 behave highly similarly throughout the measured temperature 
range. Sample 3 was sent to Netzsch for measurement at 1400 °C. There is some quite 
some variance in the value, but if the measurement point with the lowest value is 
disregarded as an outlier, the grouping is much tighter. 
 
Figure 30 Repeat measurements of sample X2. 
9.1.3 Sample R2 
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acceptable, but specific measurement points are more problematic than others. 
Especially on the higher end of the temperature spectrum there is increased variability, 
with the greatest being exhibited at 1100 °C. 
 
Figure 31 Repeat measurements of sample R2. 
9.1.4 Sample K19 
The measured values for thermal conductivity from room temperature to 1100 °C for 
sample K19 are presented in Figure 32 below. Overall, repeatability is acceptable, with 
repeat measurements of the same sample being grouped closer together than the two 
different samples averages. 
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Figure 32 Repeat measurements of sample K19 
9.2 Hot Disk TPS 2500 S 
The manufacturer of the Hot Disk instrument guarantees a better than 5% accuracy for 
measurements. In practice, the real error may be higher than this. As mentioned before, 
the furnace could not be equipped with an inert atmosphere, which led to sample 
oxidation during the tests. Another equipment-related source of error is the use of mica 
sensors for the measurements. The equipment manufacturer does not recommend 
using mica sensors under 300 °C, to assure accurate the results. However, Kapton 
sensors could not be used at temperatures over 300 °C. This was a problem because the 
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measurements with Kapton sensors match the LFA results the best, as can be seen in 
Figure 27. 
9.2.1 Sample K19 
Sample K19 was measured in room temperature with the Kapton sensor. The 
measurement repeats are shown in Figure 33 below. The mica-sensor measurements 
ranged from room temperature to 400 °C and are shown in Figure 34. The results for the 
Kapton measurements are grouped in two clusters. The mica measurement repeats 
exhibit good repeatability. 
 
Figure 33 Measurement repeats for room temperature Kapton sensor measurements 
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Figure 34 Slag K19 repeat measurements from room temperature to 400 C with mica sensor. 
9.2.2 Sample X2 
Sample X2 was measured in room temperature with the Kapton sensor. The 
measurement repeats are shown in Figure 35 below. There is one outlier in the 
measurement results, the deviance from the mean of the other results being around 10 
%, which does exceed the promised error margin of 5%. The mica-sensor measurements 
ranged from room temperature to 400 °C and are shown in Figure 36. They exhibit good 
repeatability from room temperature to 300 °C, but at 400 °C there are some issues. 
Although the decrepitation of the sample due to oxidization is one potential cause of 
this, sensor failure is also possible. The two points shown here are far from one another, 
and the third one not pictured was necessary to discard, as it was orders of magnitude 
different. 
1
1,1
1,2
1,3
1,4
1,5
1,6
1,7
0 50 100 150 200 250 300 350 400 450
Th
er
m
al
 C
o
n
d
u
ct
iv
it
y 
W
/m
K
Temperature °C
  
59 
 
 
Figure 35 Kapton measurement repeats for slag X2 
 
Figure 36 Slag X2 repeat measurements at 100-400 C with mica sensor. 
9.2.3 Sample R2 
Sample R2 was measured in room temperature with the Kapton sensor. The 
measurement repeats are shown in Figure 37 below. The results are well grouped, 
exhibiting good repeatability. 
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Figure 37 Kapton repeat measurements for slag R2 
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10 Conclusions 
The main objective of this thesis was to create empirical data on the thermal 
conductivities of ilmenite smelting slags, by studying three slag samples and one sample 
of excavated freeze-lining. The incentive for finding this knowledge is to better be able 
to optimize the necessary freeze-lining in ilmenite smelters. The literature study found 
that data on the thermal conductivity of ilmenite slag is not available. Therefore, other 
metallurgical slags were studied. They were found to largely have thermal conductivities 
that increased with increasing temperature, until upon reaching their melting point the 
thermal conductivity decreased. The structure of ilmenite slags was found to be 
different than siliceous slags, which reach a polymerized configuration in liquid form. 
The experimental approach was to take measurements with two different methods, LFA 
and TPS. This allowed the creation of additional information through comparison of the 
results for these two different methods. The measurement results were evaluated by 
comparing their repeatability. Three slag samples were analyzed for their chemical 
composition. Additional characterization of the samples was done through SEM-EDS 
analysis, and in the case of the freeze-lining sample, CT imaging. These methods shed 
light on the structure of the materials and allowed for speculation on the effect of 
structure on their thermal properties.  
The thermal conductivity of the slags appeared to rise with rising temperatures. The 
chemical composition of the slag seems to have some effect on the thermal 
conductivity. Likewise, microstructure and porosity of the material has an effect. 
However, as these factors are likely to be highly affected by the slag composition, the 
question of how much can the thermal properties of an ilmenite smelter’s freeze-lining 
be manipulated by means of process control rises. 
Further research is needed at higher temperatures, close to the melting point of the 
slags in ilmenite smelters, as these are the temperatures at which the freeze-lining 
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formation occurs. Investigation of the thermal properties of the molten slag is similarly 
warranted. It would be interesting to discover whether TiO2-rich slags exhibit a sharp 
drop in thermal conductivity after melting, as many other slags do. Further 
characterization of freeze-lining samples from ilmenite smelters would be beneficial to 
the effort to understand the phenomenon. Furthermore, an investigation on the 
differences of freeze-lining composition depending on which part of the furnace-wall it 
has been excavated on could be of use. A thorough comparison of freeze-linings from 
different smelters with different sorts of feed and slag compositions could shed on light 
on how slag composition translates to the respective freeze-lining’s properties. Such a 
comparison is unlikely to occur, however, due to the nature of industrial competition. 
The secondary objective of comparing the LFA and TPS was only a partial success, as a 
complete set of measurements couldn’t be acquired for all samples on the TPS method. 
Furthermore, the results gotten with the mica sensor do not match the results from LFA 
experiments. Challenges with the equipment and setup have undoubtedly contributed 
to the difference, as has the unsuitability of mica sensors for measurements below 300 
°C, a stated by the equipment manufacturer. Room temperature Kapton-sensor 
measurements, however, agree with LFA-derived results for the most part. Both Kapton 
and mica-sensor measurements also exhibit an acceptable level of repeatability, 
comparable to that of the LFA measurements. This leads to the conclusion that when 
optimally applied, the TPS and LFA methods can be equally reliable. 
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Appendices 
Appendix A – SEM-EDS Sample T1 overview 
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Appendix B – SEM-EDS Sample T1 Site 1 Zoom 
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Appendix C – SEM-EDS Sample T1 Site 1 EDS Sites 
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Appendix D – SEM-EDS Sample T1 Site 1 EDS Analyses 
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Appendix E – SEM-EDS Sample T1 Site 2 Zoom 
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Appendix F – SEM-EDS Sample T1 Site 2 Zoom 
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Appendix G – SEM-EDS Sample T1 Site 2 EDS Analyses 
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Appendix H SEM-EDS – Sample K19 Site 1 Overview 
 
  
  
75 
 
Appendix I SEM-EDS – Sample K19 Site 1 Zoom 
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Appendix J SEM-EDS – Sample K19 Site 1 EDS Sites 
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Appendix K SEM-EDS – Sample K19 Site 1 EDS Analyses 
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Appendix L SEM-EDS – Sample K19 Site 2 Overview 
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Appendix M SEM-EDS – Sample K19 Site 2 Zoom 
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Appendix N SEM-EDS – Sample K19 Site 2 EDS Sites 
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Appendix O SEM-EDS – Sample K19 Site 2 EDS Analyses 
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Appendix P SEM-EDS – Sample R2 Site 1 Overview 
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Appendix Q SEM-EDS – Sample R2 Site 1 Zoom 
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Appendix R SEM-EDS – Sample R2 Site 1 EDS Sites 
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Appendix S SEM-EDS – Sample R2 Site 1 EDS Analyses 
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Appendix T SEM-EDS – Sample R2 Site 2 Zoom 
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Appendix U SEM-EDS – Sample R2 Site 2 EDS Sites 
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Appendix V SEM-EDS – Sample R2 Site 2 EDS Analyses 
 
  
  
89 
 
Appendix W SEM-EDS – Sample X2 Site 1 Overview 
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Appendix X SEM-EDS – Sample X2 Site 1 Zoom 
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Appendix Y SEM-EDS – Sample X2 Site 1 EDS Sites 
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Appendix Z SEM-EDS – Sample X2 Site 1 EDS Analyses 
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Appendix AA SEM-EDS – Sample X2 Site 2 Overview 
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Appendix AB SEM-EDS – Sample X2 Site 2 Zoom 
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Appendix AC SEM-EDS – Sample X2 Site 2 EDS Sites 
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Appendix AD SEM-EDS – Sample X2 Site 2 EDS Analyses 
 
 
